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We fabricated NiFe2Ox thin films on MgAl2O4(001) substrates by reactive dc magnetron co-
sputtering varying the oxygen partial pressure during deposition. The fabrication of a variable
material with oxygen deficiency leads to controllable electrical and optical properties which would
be beneficial for the investigations of the transport phenomena and would, therefore, promote the
use of such materials in spintronic and spin caloritronic applications. We used several characteri-
zation techniques in order to investigate the film properties, focusing on their structural, magnetic,
electrical, and optical properties. From the electrical resistivity measurements we obtained the
conduction mechanisms that govern the systems in high and low temperature regimes, extracting
low thermal activation energies which unveil extrinsic transport mechanisms. The thermal activa-
tion energy decreases in the less oxidized samples revealing the pronounced contribution of a large
amount of electronic states localized in the band gap to the electrical conductivity. Hall effect mea-
surements showed the mixed-type semiconducting character of our films. The optical band gaps
were determined via ultraviolet-visible spectroscopy. They follow a similar trend as the thermal
activation energy, with lower band gap values in the less oxidized samples.
INTRODUCTION
The recently established field of spin caloritronics [1]
combines research on spin-related phenomena with ther-
moelectric effects. After the observation of phenomena
such as the spin Hall effect [2] and the spin Seebeck effect
[3–5] a plethora of investigations have been reported to-
wards the generation, manipulation and detection of pure
spin currents in ferro(i)magnetic (FM) materials. For the
investigation of such transport phenomena in conducting
or semiconducting materials possible contributions from
additional effects should be taken into account. For ex-
ample, in case of studying the longitudinal spin Seebeck
effect (LSSE) in metallic or semiconducting FMs, an ad-
ditional anomalous Nernst effect (ANE) contribution can
contaminate the LSSE signal [6–9]. Moreover, other spin
caloritronic and spintronic effects, such as the recently
observed spin Hall magnetoresistance [10, 11] i.e., the
magnetization orientation dependent absorption and re-
flection of a spin current density flowing along the di-
rection normal to a FM insulator/normal metal (NM)
interface, can benefit from the lack of mobile charge car-
riers in insulating materials, such as yttrium iron garnet
(YIG). In conducting materials the anisotropic magne-
toresistance can introduce a parasitic voltage hampering
the correct appraisal of the spin Hall magnetoresistance
signal [12]. In order to disentangle the different contribu-
tions for different conductivity regimes, a material with
controllable conductivity is required.
Apart from YIG different insulating or semiconducting
FMs from the group of spinel ferrites fulfill the require-
ments to be implemented in spin caloritronic devices. In
this study, we focus on the fabrication and characteriza-
tion of the spinel ferrite NiFe2Ox. By reducing the oxy-
gen content below its stoichiometric value (x=4), we vary
the conductivity, the optical band gap and the electri-
cal transport mechanisms. In particular, the high Curie
temperatures (TC ≈ 850 K) [13, 14] of spinel ferrites like
NiFe2O4 (NFO) render them attractive candidates for fu-
ture applications. Several investigations on the synthesis
and properties of ferrite thin films have been reported so
far. Pulsed laser deposition has been introduced as the
most common deposition technique for high quality thin
ferrite films [15–17]. However, chemical vapor deposition
[18], molecular beam epitaxy [19] and sputter deposition
[20] have also been used. Here, we fabricated high-quality
epitaxial NiFe2Ox films by reactive magnetron co-sputter
deposition varying the oxygen partial pressure during de-
position. A major advantage of NFO compared to other
spinel ferrites is attributed to the manipulation of the
parasitic effects like the ANE by changing the base tem-
perature of the measurement, due to its semiconducting
character.
So far, several investigations have been performed on
FM/NM bilayers such as NFO/Pt in order to study the
transport phenomena of those systems [7, 8, 21–25] pro-
viding information about the spin Seebeck effect coef-
ficient, the proximity induced magnetization in the Pt
layer and the magnon spin transport in NFO. More
specifically, the investigation of the temperature depen-
dent electrical resistivity of the films leads to a deeper
insight of the localization of electronic states and the
disorder of such systems which influences the transport
phenomena in those materials. In our systems, the tem-
perature dependent resistivity of the films is usually ex-
plained in terms of band and hopping conduction. The
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2thermal activation energy extracted from the resistivity
measurements decreases progressively as the temperature
falls indicating that, although the conduction mechanism
at high temperatures is described by Arrhenius law (see
Eq. (2) with P = 1), at sufficiently low temperatures the
conduction is controlled by the variable-range hopping
mechanism.
Except from the electrical properties of the films we
additionally analyzed the optical properties by determin-
ing the optical band gap of the materials verifying their
semiconducting origin which enables a profound under-
standing of the transport phenomena in those films [7].
Our results reveal states within the band gap which dis-
play charge transfer, creating a framework for realizing
the electronic structure of those complex oxides that pro-
motes their use in spintronics applications.
EXPERIMENTAL TECHNIQUES
We fabricated NiFe2Ox (4 ≥ x > 0) films by ultra
high vacuum reactive dc sputter deposition from ele-
mental Ni and Fe targets [20] on MgAl2O4(001) (MAO)
substrates with a lattice mismatch of about 3%. Start-
ing from pure high-resistive NFO (∼ 160 nm) and by
changing the oxygen flow during deposition we fabri-
cated NiFe2Ox1 (60 nm) and NiFe2Ox2 (35 nm) films,
with 4 > x1 > x2 > 0. The NFO was grown in pure O2
atmosphere with a pressure of 2·10−3 mbar at 610° C sub-
strate temperature. The NiFe2Ox1 and NiFe2Ox2 films
were grown in Ar and O2 atmosphere at 610° C substrate
temperature. For the NiFe2Ox1 sample the Ar partial
pressure during the deposition was 1.7 · 10−3 mbar, while
the total pressure was 2 · 10−3 mbar. For the NiFe2Ox2
sample the Ar partial pressure was 1.8 · 10−3 mbar, while
the total one was 2.3·10−3 mbar. The base pressure in all
cases was less than 10−8 mbar. We additionally applied
a continuous rotation of the substrate equal to 5 revolu-
tions per minute during deposition in order to achieve a
homogeneous growth of the films. The deficiency of oxy-
gen in the NiFe2Ox1 and NiFe2Ox2 compared to NFO
manifests itself via the room temperature (RT) electri-
cal conductivity of the samples. The measured RT elec-
trical conductivity value for the NFO, NiFe2Ox1 and
NiFe2Ox2 sample is equal to 2.45 · 10−5 kS/m, 6.67 kS/m
and 22.22 kS/m, respectively.
In order to determine the film thickness, x-ray reflec-
tivity (XRR) measurements were performed in a Philips
X’Pert Pro diffractometer in a Bragg-Brentano configu-
ration, with a Cu Kα source. In the same setup, x-ray
diffraction (XRD) measurements were carried out using
θ − 2θ and off-specular ω − 2θ scans for the study of the
crystallographic properties of the films.
The appropriate sputter parameters were adjusted af-
ter evaluating the x-ray fluorescence measurements to
achieve the desired stoichiometry. The final Fe:Ni ra-
tios were between 2.00 and 1.87, very close to the correct
stoichiometric compositions. The oxygen content could
not be derived quantitatively due to the insensitivity of
the fluorescence detector regarding oxygen.
The magnetic properties of the films were investi-
gated by alternating gradient magnetometry (AGM) in a
Princeton MicroMag using a magnetic field up to 1.3 T.
Furthermore, the electrical properties were examined by
performing temperature dependent dc resistivity mea-
surements using a two-point probe technique in a cryo-
stat.
The semiconductor type of the samples was extracted
via Hall effect measurements at RT. The measurements
were performed in a closed cycle helium cryostat by Cryo-
genic with magnetic fields up to 4 T.
The optical properties were investigated via ultraviolet-
visible (UV-Vis) spectroscopy in the range of 1.0 to
4.1 eV (1200-300 nm) in a Perkin Elmer Lambda 950
Spectrometer. Both reflection and transmission spectra
were recorded in order to extract the absorption coeffi-
cient and derive the optical band gap energies.
N
F
O
(0
0
4
)
K
α
Μ
Α
O
(0
0
4
)
K
α
c a
42 44 46 48 50 0 5 10 15 20
8.25
8.30
8.35
8.40
8.45
0 5 10 15 20
300
600
900
1200
(d)(c)
(b)(a)
2
In
te
n
si
ty
 (
a
rb
. 
u
n
it
s)
2θ (°)
 NiFe
2
O
4
 NiFe
2
O
x
 NiFe
2
O
x
1
c
,a
 (
Å
)
Conductivity (kS m
-1
)
M
S
 (
e
m
u
/c
c
m
)
Conductivity (kS m
-1
)
-1.2 -0.6 0.0 0.6 1.2
-1500
-1000
-500
0
500
1000
1500
M
a
g
n
e
ti
z
a
ti
o
n
 (
e
m
u
/c
c
m
)
μ
0
H

(T)
NiFe
2
O
4
NiFe
2
O
x
NiFe
2
O
x2
1
FIG. 1. (a) XRD patterns for NiFe2O4, NiFe2Ox1 and
NiFe2Ox2 samples. (b) Out-of-plane, c, and in-plane, a, lat-
tice parameters plotted against the conductivity at RT for
all films. (c) Magnetization curves collected via AGM. A lin-
ear diamagnetic background was subtracted. (d) Saturation
magnetization, MS, acquired at 1.3 T plotted against the con-
ductivity.
STRUCTURAL AND MAGNETIC PROPERTIES
Figure 1(a) illustrates the results of θ − 2θ measure-
ments for all samples. In the x-ray diffraction patterns,
(004) Bragg peaks are visible for all samples showing a
3crystalline structure with epitaxial growth in [001] direc-
tion. From the peak positions in the XRD patterns the
out-of-plane lattice constants, c, can be derived. Addi-
tionally, the in-plane lattice constants, a, can be iden-
tified from the position of the (606)-Peak (2θ ≈ 103◦),
which is observable with off-specular ω − 2θ measure-
ments and an ω-offset of ∆ω ≈ 45◦ (this is analog to
an eccentric tilt of the sample around the [010] MAO di-
rection by ∆ω). The obtained out-of-plane and in-plane
lattice constants are presented in Fig. 1(b) as a function
of the conductivity for all samples.
For NFO a tetragonal distortion is visible which is
in agreement with epitaxial strain due to the lattice
mismatch between NFO and the MAO substrate, since
aMAO = 8.08 A˚. Specifically, the film is expanded in the
direction perpendicular to the surface (cNFO > cbulk) and
compressed in the film plane (aNFO < abulk). The bulk
lattice constant value for NFO equal to abulk = 8.34 A˚
is taken from Ref. [26]. In order to quantify the strain
effect in the film, the Poisson ratio is commonly used.
From the formula [27]
ν = −oop
ip
=
(c− abulk)
(a− abulk) (1)
where oop is the out-of-plane strain and ip is the in-
plane strain, we extracted a positive strain equal to
ν = 1.25. This value comes in line with Fritsch and
Ederer [28] who reported a value of ν ≈ 1.2 for NFO
with in-plane compressive strain. The unit cell volume is
reduced by about 1% with respect to bulk material. For
the other two NiFe2Ox films the in-plane lattice constants
increase and the out-of-plane ones decrease compared to
NFO. However, no further conclusion can be drawn for
these samples since the corresponding bulk values of the
lattice constants are not known and may differ from the
ones of the NFO.
Moreover, by performing ω-scans around the (004)
Bragg peak of our NiFe2Ox samples (not shown) we ob-
tained a full width of half maximum equal to 1.2 ◦, 0.6 ◦,
0.7 ◦ for NFO, NiFe2Ox1 and NiFe2Ox2 samples, respec-
tively. These values are slightly higher but still compa-
rable to previous publications on NFO films prepared by
pulsed laser deposition [29].
Figure 1(c) illustrates the magnetization plotted against
the magnetic field extracted from the AGM measure-
ments. The plots are presented after the subtraction
of diamagnetic contributions. In the field of 1.3 T the
NiFe2Ox1 and NiFe2Ox2 samples are clearly saturated.
In contrast, for the NFO sample we reached 88% of sat-
uration in the applied magnetic field. The saturation
value was estimated from the anomalous Hall effect mea-
surements with the application of a field strength equal
to 4 T. Figure 1(d) shows the saturation magnetization
values MS as a function of the conductivity for all sam-
ples. For the NFO theMS value equal to 244 emu/ccm (in
88 % saturation state) is consistent to earlier publications
[20]. Moreover, it is clearly observed that the magneti-
zation increases with the increase in conductivity. One
possible explanation for the increased magnetization is a
higher ratio between magnetic ions and the non-magnetic
oxygen in the lattice. This increased Fe and Ni density
enables a larger moment per f.u. Additionally, devia-
tions from the default NiFe2O4 stoichiometry potentially
reduce the antiferromagnetic coupling between tetrahe-
dral and octahedral lattice sites, leading to a larger net
moment.
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FIG. 2. Conductivity mechanisms as a function of the temper-
ature decrease representing qualitatively the DOS in a lightly
doped semiconductor. (a) Band conduction. (b) Nearest-
Neighbour hopping (NNH). (c) Mott-Variable Range Hop-
ping (Mott-VRH). (d) Efros-Shklovskii-Variable Range Hop-
ping (ES-VRH).
TABLE I. Summary of different conduction mechanisms
which take place in semiconductors with the corresponding
characteristic energy Et and the value of the exponent P from
Eq. (2).
Conduction mechanism Characteristic energy Et Exponent P
Band conduction Ea 1
NNH ENNHa < Ea 1
Mott-VRH EM = kB · TM 0.25
ES-VRH EES = kB · TES 0.50
In a generalized picture the electrical conduction in
semiconductors consists of two types, the band and hop-
ping conduction. Figure 2 represents the sequence of
conductivity mechanisms replacing one by another as a
function of the temperature decrease in a lightly doped
(n-type) semiconductor [30]. This sequence includes the
assumption that the Fermi level, EF, is located in the
impurity band of the localized states of a doped semi-
conductor. A lower temperature value is balanced with a
smaller section of the energy scale to distinguish between
4the different transitions of the carriers for the correspond-
ing applied energy kBT. In band conduction, charge car-
riers from localized states are thermally activated and
transported to delocalized states, as visible in Fig. 2(a).
The highest energy at which states are still localized de-
fines a mobility edge. The universal equation which de-
scribes the temperature dependent electrical resistivity
in semiconductors is given by
ρ(E) = ρ0 exp
[( Et
kBT
)P]
(2)
where ρ0 is the resistivity at T → ∞, Et is the transi-
tion energy, kB is the Boltzmann constant and P (> 0)
is the characteristic exponent. The value of the expo-
nent P distinguishes between different conduction mech-
anisms by expressing the profile of the density of states
(DOS). In band conduction, P=1 and Et corresponds to
the thermal activation energy for the delocalization of
carriers Ea, as summarized in Table I. Et is given by ei-
ther EC−EF or EF−EV, depending on whether electrons
or holes are the charge carriers of the material. EC, EV
and EF are the mobility edges of the conduction band,
the valence band and the Fermi energy, respectively.
In hopping conduction, charge is transported through
localized states in the vicinity of the Fermi energy (cf.
Figs. 2(b-d)). The conductivity is defined by electrons
hopping directly between localized states in the impurity
band without any excitation to the conduction band since
they have insufficient energy for this transition. There-
fore, the free electron band conduction is less important
in this case [31]. In this regime, there are two types
of conduction mechanisms, the Nearest-Neighbour Hop-
ping (NNH) and the Variable Range Hopping (VRH). In
NNH, the hopping conductivity is expressed by transi-
tions between the nearest neighbours (Fig. 2(b)). The
DOS in the donor impurity band at low donor concen-
tration is maximum when the energy is of the order of
the ionization energy of an isolated donor, ED. When
the initial and final states of such a transition are among
the nearest neighbours, it is most probable that the corre-
sponding energy levels are in the vicinity of the maximum
DOS. The necessary condition for the NNH conduction
to occur is the existence of a large number of pairs of
close neighbour states with one of them being free. The
corresponding probability of this free state (for an n-type
semiconductor) depends on its energy with respect to the
Fermi level and is proportional to
exp
(−|EF − ED|
kB T
)
. (3)
Then, from the general semiconductor equation (Eq. (2))
Et is now symbolized as E
NNH
a and corresponds to the
thermal activation energy having a smaller value com-
pared to the energy required for thermally activated band
conduction (Ea), as summarized in Table I.
In relatively low disordered systems the further decrease
of temperature such that kBT << |EF − ED| causes the
number of empty states among the nearest neighbours to
be significantly small and, therefore, the electron hopping
will take place between free states localized in the vicinity
of the Fermi level symbolized by δε. The average hop-
ping length depends on temperature and the conduction
mechanism changes now from NNH to VRH. When the
VRH dominates the conduction, the condition 0 < P < 1
for the exponent P in Eq. (2) is fulfilled. The VRH model
was firstly proposed by Mott [32] when he considered a
constant density of states N(E) near the Fermi level,
supporting that the Coulomb interaction of electrons is
weak and can be neglected. Thus, he showed that the
value of the exponent P in Eq. (2) is equal to 0.25 and
the transition energy Et is given by EM = kBTM (cf.
Fig. 2(c)), where EM is the energy that corresponds to
the characteristic Mott temperature TM, as described in
Table I. TM can be correlated to the localization length
Lc via the formula
TM =
18
L3c N(EF) kB
(4)
where N(EF) is the DOS at the Fermi level.
However, Efros and Shklovskii [31] later on suggested
that at low enough temperatures for highly disordered
systems, N(E) can not be considered constant anymore,
but behaves as N(E) ∝ (E − EF)2. This behaviour de-
rives from the energetic insufficiency of the system to
overcome the electron-hole Coulomb interaction arising
from the movement of the electron from one state to the
other. This vanishing DOS is called Coulomb gap. In
the Efros-Shklovskii-VRH (ES-VRH) conduction regime
(Fig. 2(d)) the exponent P is equal to 0.5. Moreover, Et
is now given by EES = kBTES, where EES is the energy
that corresponds to the characteristic Efros-Shklovskii
temperature TES, as included in Table I. TES is given
by
TES =
2.8 e2
 Lc kB
(5)
where  is the dielectric constant and e is the electron
charge. At intermediate disordered systems, there may
be a crossover from ES- to Mott-VRH with increasing
temperature.
In our systems from highly resistive to semiconducting-
like NiFe2Ox we expect to observe different conduction
mechanisms that contribute in the examined temperature
range. Figures 3(a) and (b) illustrate the electrical resis-
tivity ρ as a function of temperature ranging between
(100− 330) K for NFO, (60− 330) K for NiFe2Ox1 and
(40− 330) K for NiFe2Ox2 . The expected semiconduct-
ing behaviour with increasing resistivity for decreasing
temperature is clearly observed in all cases. In order
to investigate the conduction mechanisms governing our
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systems we firstly considered the simplest form of ther-
mal activation process. The temperature dependent re-
sistivity can be described by Arrhenius law which cor-
responds to P = 1 in Eq. (2), as included in Table I.
The required energy for the thermally activated charge
transport can be derived by a linear regression of the
temperature dependent resistivity. Figures 3 (c) and (d)
show the Arrhenius plot of ln(ρ) vs. 1000/T for all sam-
ples. The experimental data were fitted with Eq. (2)
for P=1 in order to determine the thermal activation en-
ergy. In the high temperature regime the straight line
segments fit the data closely. The black arrows indicate
the lowest temperature point included in the linear fit.
Consequently, the thermal activation energy value for
NFO was found to be equal to ENFOa = 0.19 eV. This
result is in accordance with our previous investigations
on sputter-deposited and chemical vapor deposited NFO
[8, 20], as well as the values found by Lord and Parker
in sintered NFO specimens, Austin and Elwell in NFO
single crystals, and Ponpandian et al. in NFO nanopar-
ticles [33–35]. For the NiFe2Ox1 and NiFe2Ox2 films we
found E
NiFe2Ox1
a = 0.07 eV and E
NiFe2Ox2
a = 0.05 eV, re-
spectively. The thermal activation energy is lower in the
more conducting samples reflecting the additional elec-
tronic states localized in the band gap which contribute
to the measured resistivity.
On the contrary, in the low temperature regime the
plots show significant deviations from the straight lines
(as visible in Figs. 3 (c) and (d)) suggesting that the con-
duction mechanism in which the carriers are thermally
activated and jump over a certain semiconductor energy
barrier cannot be the dominant one and a crossover be-
tween two mechanisms is reasonable. In order to deter-
mine with sufficient accuracy which conduction mecha-
nism governs the resistivity we plotted the data in low
temperature regimes ln(ρ) vs. T -P where we varied the
exponent P from 0.1 to 1 with outer steps of 0.05 and
inner steps of 0.01 near the minimum. We fitted the
data by straight line segments and we plotted the resid-
ual sum of squares (RSS) versus the exponent P . From
the parabola fits we extracted the appropriate exponent
P which minimizes the RSS leading to the best fitting.
Figures 4(a) and (b) illustrate the RSS as a func-
tion of the exponent P in the low temperature regimes,
(100− 210) K for NFO, (60− 130) K for NiFe2Ox1 and
(60− 170) K for NiFe2Ox2 . All curves were fitted with
parabolas to estimate the minimum of the correspond-
ing curve with high precision. The black arrows indi-
cate the minimum of the parabola fit. We found that
the minimum of the RSS is P=0.25 for NFO, P=0.28
for NiFe2Ox1 and P=0.24 for NiFe2Ox2 . Thus, we de-
duce that the values of P are 0.25 or very close to it
indicating the existence of Mott-VRH conduction in the
low temperature regimes. This suggests an almost con-
stant DOS near the Fermi level. Figures 4(c) and (d)
show ln(ρ) plotted against T−0.25, according to the Mott
model, with the corresponding linear fits indicating that
Mott-VRH model describes accurately the data in the
low temperature regimes. The characteristic Mott tem-
perature TM is extracted from Eq. (2), with P=0.25. For
the NiFe2Ox2 sample the two last points at 50 K and 40 K
were left out from the fitting since those points present a
6second change in the slope of the curve in the low temper-
ature dependent resistivity. This behaviour could also in-
dicate a possible transition between Mott-VRH and ES-
VRH at even lower temperatures. However, this assump-
tion requires further investigation in lower temperature
ranges. The values of ρ at RT, Ea and TM are summa-
rized in Table II for all samples. The Mott temperature
TM increases with increasing resistivity, as reported in
Table II, indicating that the quantity N(EF)L
3
c (see Eq.
4) is smaller. This behaviour is expected since in the most
resistive samples N(EF) has a smaller value as well.
TABLE II. Resistivity ρ collected at RT, thermal activation
energy Ea and characteristic Mott temperature TM extracted
from the linear fits in Figs. 3 and 4.
Film ρ (Ω · m) Ea (eV) TM (K)
NiFe2O4 40.5 0.19 5264
NiFe2Ox1 1.5 · 10−4 0.07 2482
NiFe2Ox2 4.5 · 10−5 0.05 2400
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FIG. 5. (a) Schematic illustration of Hall effect geometry.
(b) Hall effect measurements for NiFe2O4, NiFe2Ox1 and
NiFe2Ox2 samples. From the slope of the fitting curves the
Hall coefficient is extracted.
In order to extract the semiconductor type of our films
we performed Hall effect measurements according to the
geometry displayed in Fig. 5(a). A charge current was
flowing along the y-axis in the presence of an out-of-plane
magnetic field and the voltage along the x-axis, as well as
the voltage along the y-axis, were recorded. Figure 5(b)
displays the detected electric field, E, along the x-axis
plotted against the applied external magnetic field for
the NFO, NiFe2Ox1 and NiFe2Ox2 samples. Both curves
for NiFe2Ox1 and NiFe2Ox2 show a slope changing lin-
early with the field in the region where the magnetiza-
tion dependent anomalous Hall effect (AHE) saturates.
This can be attributed to the ordinary Hall effect (OHE).
From the slopes of the linear fits in the positive and neg-
ative saturation regimes of the curves, the ordinary Hall
coefficient RH can be extracted by using
EH = RH(J×B) (6)
where EH is the OHE field, J is the charge current density
and B is the external magnetic field. Considering the
geometry displayed in Fig. 5(a) the Hall coefficient is
given by
RH =
EH,x
JyBz
(7)
and taking into account the slope of the linear fits AOHE
extracted from the curves, RH is modified to
RH =
AOHE
Jy
. (8)
Considering a charge current density of
Jy = 1.04 · 107 A/m2 (17.86 · 107 A/m2) and a slope
of AOHE =−0.0256 V/Tm (AOHE =−0.0870 V/Tm) for
the NiFe2Ox1 (NiFe2Ox2) sample, we can extract the
corresponding Hall coefficients. We find, R
NiFe2Ox1
H =
−24 ·10−10 m3/C and RNiFe2Ox2H =−4.9 · 10−10 m3/C for
the NiFe2Ox1 and NiFe2Ox2 samples, respectively. The
large resistivity of the NFO makes the measurements
challenging and prevents us to reliably determine the
Hall coefficient and the semiconducting behaviour for
this sample (see Fig. 5(b)).
The extracted RH values are quite small and would
indicate high charge carrier densities which are not rep-
resentative for materials with semiconducting character.
The impurity conduction originating from states above,
at and below the Fermi level indicates that we cannot
expect to have a pure n- or p-type semiconducting
behaviour and, therefore, a mixed-type semiconduct-
ing behaviour could characterize our NiFe2Ox1 and
NiFe2Ox2 samples. In a mixed-type of semiconduc-
tor both electrons and holes contribute and the Hall
coefficient is given by the formula
RH =
RH,nσ
2
n +RH,pσ
2
p
(σn + σp)2
(9)
where σn is the conductivity of electrons, σp is the con-
ductivity of holes, RH,n is the Hall coefficient for electrons
and RH,p is the Hall coefficient for holes. Since RH,n and
RH,p have different signs, we could expect quite small
values for the total RH, like in our case.
From the Hall effect geometry illustrated in Fig. 5(a)
the two components EH and Eext define a total electric
field, Etot. Eext is the external electric field along the y-
axis and EH is the already investigated OHE field along
the x-axis. Then the total electric field is tilted according
to the Hall angle, ΘH. Consequently, the mobility of the
carriers is obtained from the formula
tanΘH =
EH,x
Eext,y
= µBz (10)
7where µ is the mobility of the carriers. Con-
sidering Bz = 4 T, EH,x = 0.10 V/m (EH,x = 0.34 V/m)
and Eext,y = 97.31 V/m (Eext,y = 43.13 V/m) for the
NiFe2Ox1 (NiFe2Ox2) sample we extracted the corre-
sponding mobilities. We find, µNiFe2Ox1= 2.6 cm
2/Vs and
µNiFe2Ox2= 19.7 cm
2/Vs for the NiFe2Ox1 and NiFe2Ox2
samples, respectively. The NiFe2Ox2 has higher mobility
value compared to the NiFe2Ox2 reflecting its more con-
ducting character. The obtained mobility values for both
samples are consistent with the ones reported for organic
semiconductors used in thin film transistors [36].
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FIG. 6. (a) The RT optical absorption spectrum for NFO,
NiFe2Ox1 and NiFe2Ox2 . (b) The absorption saturation value
at 1 eV versus the RT conductivity. (c) Tauc plot (αE)0.5
versus energy for the determination of the minimum gap for
all samples. The black arrows indicate the minimum direct
gaps. (d) The band gap energy versus the RT conductivity.
To investigate the optical properties of the films the
energy-dependent absorption coefficient α(E) was ex-
tracted from the measured transmission T and reflection
R spectra using
α =
1
d
ln
1−R
T
(11)
where d is the thickness of each sample. Figure 6(a) il-
lustrates the absorption coefficient as a function of the
energy for all samples. It is worth noting that down to
a lower energy limit a saturation plateau is visible in all
cases. The plateau region indicates that the energy of
the photons is lower than the band gap of the sample
and, therefore, insufficient to excite electrons from the
valence band to the conduction band. Nevertheless, it
is clearly observed that there is a different finite absorp-
tion value for each sample. Interestingly, as visible in
Fig. 6(b) where the absorption saturation value is plot-
ted against the conductivity of the samples, for the NFO
the absorption saturation value is zero in this plateau un-
veiling that the additional electronic states in the band
gap are too few to noticeably contribute to the mea-
sured absorbance. On the other hand, for the NiFe2Ox1
and NiFe2Ox2 samples the absorption saturation value
is equal to 1.26 · 107 m−1 and 2.99 · 107 m−1, respectively,
confirming that the number of electronic states in the
band gap contributing to the measured absorption is
larger in the more conducting samples. The absorption
spectrum of the NFO is very similar to our previous in-
vestigations [20, 37] as well as the epitaxial NFO from
Holinsworth et al. [38].
A common way to determine the minimum gap from
the optical absorption spectra is by evaluating Tauc plots
as explained in Ref. [37]. The indirect gap can be ex-
tracted from straight line segments in (αE)0.5 plotted
over energy. In Fig. 6(c) the minimum gaps are ex-
tracted for each sample. It is worth mentioning that in
order to extract the band gap energies the curves are
shifted such that the plateau regions are at zero absorp-
tion. For the NFO the optical band gap is estimated to be
ENFOgap ≈ 1.49 eV, close to previous publications [20, 39].
The optical band gap for the NiFe2Ox1 and NiFe2Ox2
samples is E
NiFe2Ox1
gap ≈ 1.27 eV and ENiFe2Ox2gap ≈ 1.09 eV,
respectively, unveiling the more conducting character of
the latter. The band gap energy of all samples is pre-
sented in Fig. 6(d) as a function of the RT electrical
conductivity. However, the determination of the band
gap using Tauc plots could lead to rough estimated val-
ues because of the uncertainties that may come up during
this kind of data processing [37]. It is clear that the band
gap energy increases with the decrease of conductivity.
In addition, the extracted optical band gap is consid-
erably larger than the corresponding thermal activation
energy estimated from the temperature dependent resis-
tivity measurements, in all cases. The reason for that is
focused on the sensitivity of the temperature dependent
resistivity to all charge transport mechanisms which char-
acterize the film, for example chemical impurities, defects
etc, that influence the measured resistivity.
CONCLUSION
In conclusion, we fabricated NiFe2Ox samples on
MgAl2O4 (001) substrates by reactive dc magnetron co-
sputtering while varying the oxygen atmosphere during
deposition in order to investigate the structural, mag-
netic, electronic and optical properties of the films. We
extracted that the conduction mechanism in these sys-
tems differs in the examined low and high temperature
regimes. Resistivity measurements in the high tempera-
ture regimes were fitted well with a model for Arrhenius
type of conduction for the delocalization of the carriers
8allowing to extract the thermal activation energy of the
samples. We obtained low thermal activation energies
for all samples indicating a semiconducting behaviour.
Furthermore, in the low temperature regimes Mott-VRH
is the dominant conduction mechanism dictating that
the electrical transport is supported by impurities in the
crystal which hop between localized states in the im-
purity band. Moreover, using Hall effect measurements
mixed-type semiconducting character was identified in
the NiFe2Ox1 and NiFe2Ox2 films along with the corre-
sponding mobilities of the charge carriers. From optical
absorption spectra and the corresponding Tauc plots the
optical band gap of the films were found to be signifi-
cantly larger than the electrical ones which is in line with
our previous investigations. The fabrication of a variable
material with oxygen deficiency enables the manipulation
of the electrical and optical properties, which is beneficial
for the profound investigations of the transport phenom-
ena and, therefore, forwards the implementation of such
materials in spintronic and spin caloritronic applications.
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